A mechanism for multiple carrier generation through impact ionization (iA) proposed earlier for bulk systems of strongly correlated insulators is generalized to the case of conventional insulators that contain localized bands a few eV above and below the highest occupied band. Specifically, we study the case of hybridization of localized orbitals with more dispersive bands near the Fermi level, where the generated multiple carriers, which ultimately decay to the edges of the dispersive bands by means of IA processes, acquire lighter mass and this could allow their more efficient separation before recombination. We argue that this may be applicable to the case of halide perovskites and it could be one of the reasons for their observed photovoltaic efficiency. We discuss the criteria one should use to uncover the appropriate material in order to harvest the optimum effect of IA for the spectrum of the solar photon energy distribution.
they are more localized as compared to those in dispersive bands. Therefore, it is desirable that another more dispersive band be present within a few eV above and/or below the Fermi level which strongly hybridize with the localized atomic orbitals. This hybridization can act effectively, because after the impact ionization process takes place, the created electron-hole pairs can decay into the more dispersive parts of the band and move with a smaller mass. This transformation of the multiple electron/hole carriers to lighter mass carriers allows their more effective separation.
We argue that it is possible some halide perovskite materials 29 (or possibly the well-known methylammonium or formamidinium lead halides [30] [31] [32] ) may already fulfill these criteria and, therefore, their relatively high efficiency could be, in part, due to MCG in these materials. However, their efficiency could be improved further by utilizing the conclusions presented in this work. Since the practical use of the halide perovskite materials is seriously hindered by the fact that they are unstable, the essence of the ideas and criteria presented in this paper are very simple and can be applied to the quest for a variety of other materials where IA may be effective.
In the following section we present the idea and the formalism/method involved in order to calculate IA rates in materials. In the same section, we also present our results for carefully selected models in order to clearly illustrate the factors that play a key role in an on-going search for real materials. General conclusions drawn from this work are presented in the Discussion section.
Model and Results
formulation of the general idea. The IA mechanism discussed in ref. 6 for Mott insulators and in ref. 7 more generally for SCIs, utilizes the presence of localized bands near the Fermi level. In the former case, even the origin of the gap, which is necessary for realizing the PV effect, is the result of strong electron correlations. In the latter case, the concept was applied to materials which are not necessarily Mott insulators but the presence of localized orbitals near the Fermi level leads to strong electron correlations. For example, in VO 2 , where the gap opens because of a Peierls instability [33] [34] [35] , the calculated IA rate was found to be higher than sec 10 / 14 in the region of the solar radiation. It was further demonstrated that this enhancement was due to the contribution of the vanadium d orbitals.
While the effect of strong electron correlations is needed in order to produce high IA, usually as a result of these correlations the effective masses for the electron and holes become large and this makes the separation of the created multi-electron/hole pairs more difficult. In the present work, we consider the case when such localized orbitals hybridize with other more dispersive bands in the same energy range. We demonstrate that this class of materials can provide a better chance to solve the problem of carrier separation by endowing the carriers with a low mass without lowering the IA rates below the threshold needed in order to prevent other dissipation processes to act to "cool" the carriers.
In order to discuss the idea we will write down a generic Hamiltonian of the form: where the last term represents the Hubbard on-size Coulomb repulsion U m when pairs of electrons occupy the same localized orbital m. We have ignored the spin-orbit coupling in this formalism for simplicity. The first term denotes the conduction (+) and the valence (−) bands in which the creation operators create Bloch states out of the following atomic orbitals:
where N is the number of unit cells in a periodic system. The operators σ † p nR and
, where p and d denote orbitals in the unit cell specified by the lattice vector R and the spin state σ | 〉 . In the absence of spin-orbit coupling, which has been neglected for simplicity, the bands and orbitals are characterized by σ. Notice that without loss of generality we have assumed that these bands are of only p and d character, however, they also have some s character too. We will assume that the coefficients α ± ( ) and β ± ( ) above are non-zero for all bands. We use d as the prototypical orbital which tends to form more localized states. However, localization can also occur because of a small hopping amplitude due to physical separation between atoms in the crystal. This will also increase the on-site Coulomb repulsion between two electrons that occupy such an orbital, purely because of the fact that the electronic wavefunction is localized and does not spread too much in space.
The mechanism discussed in this paper could be applicable to the well-known methylammonium lead halides [30] [31] [32] as they exhibit some features (i.e., combination of flat and dispersive bands near the highest occupied band) which can lead to a high IA rate. The macroscopically long diffusion lengths observed in such materials 31 could also be in part a possible consequence of high IA rates. However, in order to be definitive about the origin of their relative high efficiency, optical pump-and-probe experiments, such as those carried out in ref. 16 for VO 2 , are needed. Let us consider the case of the halide perovskites CsPbCl 3 , and CsPbI 3 . The reason for considering these materials is that MCG has been observed in CsPbI 3 29 , and the band-structure is available for these caesium lead halide perovskites 36 (See extended data Fig. 1 of this citation). Notice that in the case of CsPbI 3 the highest occupied valence band and some other bands just below it are flat around the Γ, M and X high symmetry points.
Notice that they become very dispersive near the topmost point of the valence band where the photo-created holes will land after they lose their excess energy due to IA or other processes such as phonon-emission. This is a good example of what we are discussing in the present paper, namely a mixture of a localized orbital, such as d with a more dispersive band due to an s or p orbital. Notice that if a solar photon is absorbed by this material there are many bands with significant d content which can host the photo-created hole. These bands are generally flat as may be seen in Fig. 1 . Within a few eV above and below the highest occupied state, there are bands with very dispersive conduction-band bottoms or valence-band tops which are generally of s and p character with some d content.
Now, let us consider the impact ionization rate of a photo-created electron-hole pair from a valence band to a conduction band which consists of a significant contribution of d orbitals, as seems to be the case for CsPbI 3 . Namely, there are states just below the highest occupied state which are obtained as a hybridization of d and p orbitals and produce bands which have a combination of flat and dispersive parts as we travel the BZ. The created electron or hole or both, when is in the band labeled by n with momentum k, under properly chosen conditions and systems to be discussed below, has a significant probability to decay into the lower energy conduction or valence band by transferring part of its energy and momentum to another electron-hole pair as depicted in Fig. 2 . The order of magnitude of the impact ionization rate is given as Figure 1 . The bands of CsPbI 3 taken from the calculation of ref. 36 . We have added an example of electron/hole photo-excitation where the incident photon promotes an electron from the occupied state 1 to the empty state 2. Within a time scale shorter than − 10 14 seconds, the created hole at state 1 decays into the state 3 near the top of the valence band and at the same time the on-site Coulomb repulsion promotes the electron occupying the valence state 4 to the empty state 5 near the conduction band edge. This process causes the incident solar photon to produce two electrons and two holes as a final product. Figure 2 . The decay of the photo-excited electron into a state of two-electrons and one-hole from the bands discussed in the text. A very similar process exists where the photo-created hole (blue line) decays into a state involving two-holes and one conduction electron. The latter is the process discussed in Fig. 1 . 
where σ takes the two values of the spin and σ is the opposite spin eigenvalue. The expectation value above is taken with respect to the ground state in which all single particle states up to the highest occupied band are filled.
Using the Hubbard term given by Eq. 1 we can calculate the matrix element required in the above expression:
Where σ | 〉 stands for the orthogonal state to the state σ | 〉 . The above expression is very sensitive to the mixture coefficients entering in Eq. 7 for the matrix element and to the values of U. In general one can expect this to be significantly higher than 10 13 sec −1 which is faster than phonon relaxation time scales. The question we wish to address in this paper is, by inspecting this expression, what can we say about the parameter values which optimize the IA rate for energy values of ε νσ k in the solar spectrum. First, we consider simple examples, next, in order to further clarify the idea.
Demonstration with simple models. We consider the hybridization of a localized orbital, such as an f or a d orbital, with a dispersive band which leads to an opening of a gap † † †
The diagonalization leads to the following two simple bands
The operators σ ± c k ( ) are given by the expression Eq. 3 without the band index, because we are dealing with only one conduction and one valence band in the present example, where the coefficients in the expression are given as follows: which corresponds to the square lattice with a unit cell shown in Fig. 3(a) .
which corresponds to the square lattice with a unit cell shown in Fig. 3(b) . , which corresponds to the square lattice with a unit cell shown in Fig. 3(c) . Fig. 4(a-d) where the ribbons represent the various bands obtained when plotting ε ± k k ( , ) ( ) www.nature.com/scientificreports www.nature.com/scientificreports/ Treating the Hubbard term as in Eq. 1 within the mean-field factorization we calculate the bands in the presence of the U-term. Such a term adds only an overall constant to the energy and it does not change the computation of the impact ionization rate resulting from the residual Hubbard interaction. Next, we computed the impact-ionization rate using the Eq. 6 where the matrix element given by Eq. 7 is calculated using the coefficients of the Bloch eigenstates of the TB Hamiltonian. The results for the IA rate are shown in Fig. 5 for the all the values of k in the BZ.
Notice that we can choose the hopping matrix element t and the hybridization parameter (t pd ) in such a way so that the bands fall inside the solar spectrum. When we do that (take for example = t 1 eV) we notice that the IA rate is very high (significantly greater than sec 10 / 15 ) for very modest values of U t / of order 3. Therefore, this result is very promising when we need to deal with many bands (see discussion in the next Section) where the projections of the Bloch states to the localized orbitals is fragmented and can become small.
Discussion
By having a localized d orbital mixed with other dispersive bands near the Fermi level, we have been able to achieve two requirements for better PV efficiency through the IA process:
1. Conversion of the energy of the solar photon into more than just a single electron/hole pair via IA. The rates of IA shown in Fig. 5 for our example are higher than U s ec ( /eV) 10 2 14 1 − and this rate is much higher than phonon (or other known) dissipation processes. There are many classes of insulating materials containing transition metals (TM) which can be investigated, such as, using a TM at the octahedra center in halide perovskites as was done in ref. 29 , or in oxide perovskites, using the criteria discussed here to examine their band-structure and the projected density of states a few eV above and below the highest occupied bands. While the PV efficiency of a material depends on many other factors, next, we would like to focus and discuss only general criteria in order to optimize the IA ionization process in such a way to also produce low-mass carriers to make possible their extraction before recombination. . Just like in the case of the ribbons presented in Fig. 4 , each line is plotted for all values of k y in the BZ for a fixed value of k x . The finite-size k-point mesh yields discrete lines as opposed to ribbons of accessible values for the IA rate. The panels (a-d) correspond to the four cases of different hybridization discussed in the text.
www.nature.com/scientificreports www.nature.com/scientificreports/ First, the combination of a localized and a dispersive band increases the bandwidth W which should decrease the IA rate Γ as it depends on it as W 1/ . The expression for Γ depends on the joint density of states D, or roughly on W 1/ ; therefore, having flat bands (i.e., a significant contribution of localized orbitals in these bands) inside the energy window of the solar radiation above and below the Fermi energy is important because they will enhance D. However, because the dependence of the IA on the value of U, associated with the localized d orbitals which participate in the formation of both the conduction and valence bands, is quadratic we can icrease the coefficient of the localized orbital contributing to the bands and to choose more atoms with more localized atomic orbitals which increase the value of U and compensate for the effect of the larger W.
Second, we notice that the expression Eq. 7 for the matrix element M contains the squares of the amplitude of the localized orbitals in the bands involved in the IA process. At first, one may be inclined to look for pure localized states in this energy window above the Fermi energy. However, this would result in totally flat bands and, thus, the photo-generated carriers would have large mass and this hinders the separation of the electrons from the holes in a short period of time to minimize carrier recombination. For this reason it might be desirable to have a mixture of localized orbitals with some p orbitals. The presence of many orbitals within a unit cell will cause a distribution of the weights β ± ( ) in the expression of the rate Γ and since they are all less than unity, they reduce the factor M. The largest value of this factor is achieved with just one localized and one p orbital contributing with equal weight to all four bands which will be produced by the two orbitals and their bonding (valence bands) and antiboding (conduction bands) combinations. Decimating the weights by including many different orbitals in the construction of such a band with about the same weights, reduces the IA rate. It is therefore, desirable to include the minimum possible number of orbitals in order to maximize the matrix element M.
Last, we also need to keep in mind that there is no reason to increase the IA rate more than the threshold value required, which is the rate of the other dissipation processes inherent in the material. As long as Γ is greater than this theshold rate, ultimately, the photo-excited carriers will relax by creating additional electron-hole pairs via this process. Therefore, reducing the value of M by allowing the localized orbital to hybridize with more dispersive bands may not introduce a significant issue in converting the solar energy into multiple carrier excitations, as long as Γ remains larger than the lowest cutoff.
